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MEMORANDUM F O R  FILE 

A r e c e n t  B e l l  Aerosystems r e p o r t  on a s t u d y  of  
l u n a r  f l y i n g  v e h i c l e  m i s s i o n  a p p l i c a t i o n s  c o n t a i n e d  some very  
u s e f u l  v e h i c l e  performance d a t a .  F i g u r e  1 shows t h e  b a s i c  
data p r e s e n t e d  i n  a p l o t  o f  t he  v e h i c l e ' s  AV r e q u i r e m e n t s  
vs r a n g e .  The "Optimum Cruise ' '  t y p e  o f  t r a j e c t o r y  i s  n o t  
c l e a r l y  d e f i n e d  i n  t h e  r e p o r t ,  b u t  e s s e n t i a l l y  i s  a semi- 
b a l l i s t i c  t y p e  f l i g h t .  F u l l  t h r u s t  f o r  a t imed p e r i o d ,  a 
semi-coas t  p e r i o d  a t  minimum t h r u s t ,  and a v a r i a b l e  t h r u s t  l and -  
i n g  p r o f i l e  m a k e  up the  optimum c r u i s e  t r a j e c t o r y .  F i g u r e  2 
shows t h e  a l t i t u d e  and c r u i s e  v e l o c i t y  o b t a i n e d  b y  t he  v e h i c l e  
as a f u n c t i o n  of  t h e  f l i g h t  range .  A s  an example,  a 5 nm 
optimum c r u i s e  f l i g h t  would c a r r y  t h e  v e h i c l e  t o  a 3000 f t  a l t i -  
t u d e  and the  c r u i s e  v e l o c i t y  ( h o r i z o n t a l )  would be  about  310 
f t / s e c  ( 2 1 0  mph). 
t h e  most e f f i c i e n t ,  b u t  r e s u l t s  i n  r a t h e r  h i g h  a l t i t u d e s  and 
v.eh ic le  speeds. It p robab ly  w i l l  b e  more d e s i r a b l e  t o  f l y  lower  
a d  s l o w e r  o v e r  an unknown l u n a r  t e r r a i n .  The B e l l  Aerosystems 
r e p o r t  e v a l u a t e d  t h e  AV p e n a l t i e s  a s s o c i a t e d  w i t h  f l y i n g  o f f -  
optimum t r a j e c t o r i e s .  The d a t a  p r e s e n t e d  i n  t h e  r e p o r t  f o r  
f l a t - t o p  t y p e  t r a j e c t o r i e s  has been  e x t r a p o l a t e d  t o  F i g u r e  1 f o r  
h o r i z o n t a l  v e l o c i t i e s  of 1 0 0  and 150 f t  p e r  second.  The v e h i c l e  
a l t i t u d e  f o r  these  f l a t - t o p  t r a j e c t o r i e s  can be roughly  b r a c k e t e d  
between 200 and 500 f t .  

The optimum c r u i s e  f l i g h t  i s  c l a imed  t o  be 

F i g u r e  1 can be used t o  e v a l u a t e  t h e  AV p e n a l t y  a s s o c i -  
a ted w i t h  " lower and s l o w e r "  f l i g h t s .  Once again t a k i n g  a 5 nm 
f l i g h t  as an example,  r educ ing  t h e  c r u i s e  v e l o c i t y  from optimum 
(310 f t / s e c )  t o  150  f t / s e c  i n c r e a s e s  t h e  AV r equ i r emen t  by more 
t h a n  200  f t / s e c .  Slowing t h e  f l i g h t  t o  a 1 0 0  f t / s e c  c r u i s e  
v e l o c i t y  r e q u i r e s  a 500 f t / s e c  AV c a p a b i l i t y  i n c r e a s e  o v e r  t h e  
optimum c r u i s e  v a l u e .  Looking a t  t h e  data i n  a n o t h e r  f a s h i o n ,  
t h e  r e d u c t i o n  i n  range  c a p a b i l i t y  f o r  a s l o w e r  f l i g h t  can r e a d i l y  
be  estimated. For t h e  same AV a s  t h e  optimum 5 nm f l i g h t ,  t h e  
r ange  would have t o  be reduced t o  4 . 1  and 3.5 nm f o r  l ower  c r u i s e  
v e l o c i t i e s  o f  1 5 0  and 1 0 0  f t / s e c  r e s p e c t i v e l y .  T h i s  r e p r e s e n t s  
a r e d u c t i o n  of  18-30% i n  t h e  v e h i c l e ' s  range  c a p a b i l i t y .  

( l ) F l i g h t  T e s t  of a One-Man F l y i n g  V e h i c l e  Volume 11- 
F i n a l  Report-Mission A p p l i c a t i o n s  S t u d i e s  - B e l l  Aerosystems - 
Report No.2330-950002, J u l y  1967. 
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The B e l l  Aerosystems r e p o r t  used  t h e  " O p t i m u m  Cru i se"  
data  t o  p r e s e n t  a v a r i e t y  of m i s s i o n  o r i e n t e d ,  v e h i c l e  c a p a b i l i t y  
c h a r t s .  These c h a r t s  r e l a t e  v e h i c l e  p r o p e l l a n t  r e q u i r e m e n t s  t o  
f l i g h t  r a n g e s  and v a r i o u s  payload  v a l u e s .  I n  u s i n g  t h e  c h a r t s  
from t h i s  r e p o r t ,  one shou ld  b e  aware o f  two f a c t o r s  t h a t  p l a c e  
t h e  r e s u l t s  o b t a i n e d  on t h e  o p t o m i s t i c  s i d e :  

1. All AV r equ i r emen t s  are based on t h e  " O p t i m u m  
Cru i se"  t r a j e c t o r i e s  which r e q u i r e  h i g h e r  and 
fas te r  f l i g h t s  t h a n  may b e  d e s i r a b l e  f o r  ex- 
p l o r a t i o n  t y p e  m i s s i o n s .  

2 .  P r o p e l l a n t  r equ i r emen t s  o b t a i n a b l e  from t h e  
c h a r t s  are  based  on a t a n k  l o a d i n g  j u s t  s u f -  
f i c i e n t  t o  per form t h e  m i s s i o n .  I n  r e a l i t y ,  
t h e  f l y i n g  v e h i c l e  w i l l  p robab ly  a l w a y s  s t a r t  
a m i s s i o n  w i t h  f u l l  t a n k s  and t h u s  w i l l  bu rn  
more p r o p e l l a n t  j u s t  t o  c a r r y  t h e  r e s e r v e  f o r  
m i s s i o n s  n o t  r e q u i r i n g  t h e  f u l l  t a n k  c a p a c i t y .  

The r e p o r t  p r e s e n t s  m i s s i o n  data  a n a l y s i s  for t h r e e  
d i f f e r e n t  s i z e  f l y i n g  v e h i c l e s .  The largest of t h e  t h r e e  i s  t h e  
most p o p u l a r  i n  t h e  p r e s e n t  day m i s s i o n  p l a n n i n g  c i r c l e s .  T h i s  
v e h i c l e ' s  weight  and p r o p e l l a n t  c a p a c i t y  are shown on F i g u r e  3 
which was developed  t o  d i s p l a y  t h e  b a s i c  B e l l  Aerosystems data 
i n  a s l i g h t l y  d i f f e r e n t  f a s h i o n .  The maximum A V  c a p a b i l i t y  o f  
t h e  v e h i c l e  i s  p l o t t e d  as a f u n c t i o n  o f  t h e  pay load  weight  
c a r r i e d  t o  a d e s t i n a t i o n  and t h e  pay load  r e t u r n e d  t o  t h e  base. 
The AV c a p a b i l i t y  i n  t u r n  can be c o n v e r t e d  t o  v e h i c l e  range  
u s i n g  t h e  B e l l  Aerosys tems '  da ta  from F i g u r e  1. Three s c a l e s  
o f  v e h i c l e  range  are shown on F i g u r e  3; f o r  t h e  optimum c r u i s e  
and f o r  f l a t - t o p  t r a j e c t o r i e s  w i t h  h o r i z o n t a l  v e l o c i t i e s  o f  
150 and 1 0 0  f t / s e c .  

F i g u r e  3 can  be used t o  e v a l u a t e  f l y i n g  v e h i c l e  r ange  
c a p a b i l i t i e s  f o r  m i s s i o n s  i n v o l v i n g  a s i m p l e  round t r i p  f l i g h t .  
The c h a r t  a l lows  u n l i m i t e d  combina t ions  of p a y l o a d s  up t o  t h e  
v e h i c l e ' s  s t a t e d  pay load  c a p a b i l i t y  o f  300  l b s .  

The 300 lb payload  c a p a c i t y  i s  t h e  main r e a s o n  f o r  
t h e  p o p u l a r i t y  o f  t h i s  s i z e  f l y i n g  u n i t .  I t  o f f e r s  r e s c u e  
c a p a b i l i t y  f o r  a n  a s t r o n a u t  ( 3 0 0  l b s  w i t h  s u i t  and P L S S ) .  The  
u se  of F i g u r e  3 c a n  be  i l l u s t r a t e d  b y  d e t e r m i n i n g  t h e  maximum 
range  a t  which r e s c u e  can be accompl ished .  For t h e  r e s c u e  t y p e  
f l i g h t ,  no pay load  would be c a r r i e d  t o  t h e  d e s t i n a t i o n ,  b u t  300 
l b s  would b e  r e t u r n e d  t o  t h e  b a s e .  P o i n t  (1) on F i g u r e  3 r ep re -  
s e n t s  t h e  i n t e r s e c t i o n  o f  t h i s  pay load  Combination. Reading 
h o r i z o n t a l l y  f rom t h i s  p o i n t  t h e  v e h i c l e ' s  maximum c a p a b i l i t y  
may b e  de t e rmined  i n  terms o f  e i t h e r  AV or r a n g e .  P o i n t  (1) 
i n d i c a t e s  a AV c a p a b i l i t y  of  1 7 1 0  f t / s e c  f o r  e a c h  l e g  o f  t h e  
f l i g h t ,  and from t h e  r a n g e  s c a l e s  a maximum r e s c u e  range  o f  7, 
5 . 5 ,  or 4 . 5  nm i s  i n d i c a t e d  depending  on t h e  type  of f l i g h t  
t r a j e c t o r y  assumed. 
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A s  one o t h e r  example, p o i n t  ( 2 )  on F i g u r e  3 i n d i c a t e s  
t h a t  a f l i g h t  c a r r y i n g  ou t  a 200 l b  payload  and r e t u r n i n g  100 lbs 
h a s  a maximum r a n g e  of approx ima te ly  7.3, 5.7, or 4.6 nm, 
depending  on t h e  s e l e c t e d  t r a j e c t o r y .  

F i g u r e  3 can b e  used f o r  a r e a s o n a b l y  a c c u r a t e  e v a l u -  
a t i o n  o f  a l u n a r  f l y i n g  v e h i c l e ' s  round t r i p  c a p a b i l i t y  f o r  m i s -  
s i o n  p l a n n i n g  pu rposes .  I f  a p a r t i c u l a r  combina t ion  o f  p a y l o a d s  
i s  des i r ed ,  t h e  range  c a p a b i l i t y  can be  e a s i l y  de t e rmined ;  or 
c o n v e r s e l y ,  f o r  a g i v e n  range  , t h e  p o s s i b l e  pay load  combina t ions  
can  b e  s e l e c t e d .  

Recent i n d i c a t i o n s  are  that  a s u i t e d  a s t r o n a u t  w i l l  
weigh i n  t h e  o r d e r  of 4 0 0  l b s .  T h i s  w i l l  p l a c e  g r e a t e r  r e q u i r e -  
ments  on t h e  f l y i n g  u n i t  f o r  r e s c u e  a p p l i c a t i o n s ,  and p robab ly  
w i l l  r e s u l t  i n  ii somewhat l a r g e r  v e h i c l e  t h a n  p r e s e n t e d  on F i g .  3.  
F i g u r e  4 h a s  been  inc luded  t o  p r o v i d e  a means of e v a l u a t i n g  
t h e  c a p a b i l i t y  of a l a r g e r  v e h i c l e  w i t h  t h e  h e a v i e r  a s t r o n a u t  
weight  r e f l e c t e d .  The d a t a  i s  s i m i l a r  t o  t h a t  shown on F i g .  3 
e x c e p t  t h a t  t h e  payl_oad combina t ions  a r e  expanded t o  i n c l u d e  
a 4 0 0  l b  l i m i t  and t h e  v e h i c l e ' s  p r o p e l l a n t  l o a d i n g  has been 
i n c r e a s e d  to 300 l b s .  

F i g u r e s  3 and 4 are l i m i t e d  t o  s i m p l e  round t r i p  f l i g h t s ,  
and are r e s t r i c t e d  t o  a s p e c i f i c  v e h i c l e  s i z e .  E v a l u a t i o n  o f  a 
f l y i n g  v e h i c l e ' s  performance f o r  miss'ions i n v o l v i n g  s e v e r a l  s h o r t  
f l i g h t s  cannot  be  p r e s e n t e d  i n  as c l e a n  a g r a p h i c a l  form. The 
l a r g e  number o f  v a r i a b l e s  such as r a n g e ,  AV, p a y l o a d s ,  p r o p e l l a n t  
r e q u i r e m e n t ,  number of f l i g h t s ,  f l y i n g  v e h i c l e  s i z e  and t y p e  o f  
t r a j e c t o r y  do n o t  l e n d  themselves  t o  t h e  s i m p l e  g r a p h i c a l  s o l u -  
t i o n s  o f  F i g u r e s  3 and 4 .  

F i g u r e s  5 ,  6 and 7 can  b e  used t o  de t e rmine  a l u n a r  
f l y i n g  u n i t ' s  c a p a b i l i t i e s  f o r  t h e  "multi-hop" t y p e  o f  m i s s i o n .  
These c h a r t s  are a p l o t  o f  t h e  v e h i c l e ' s  p r o p e l l a n t  r e q u i r e m e n t s  
v s  r ange  w i t h  t h e  l i f t - o f f  weight  as a v a r i a b l e .  There i s  a 
s e p a r a t e  g raph  f o r  e a c h  o f  t h e  t h r e e  t r a j e c t o r y  t y p e s ;  optimum 
c r u i s e  ( F i g .  5 )  , and f l a t - t o p  t r a j e c t o r i e s  w i t h  h o r i z o n t a l  ve loc -  
i t i e s  of 150  and 1 0 0  f t / s e c  ( F i g u r e s  6 and 7 r e s p e c t i v e l y ) .  
These f i g u r e s  can b e  used t o  d e t e r m i n e  t h e  f l y i n g  u n i t ' s  pro-  
p e l l a n t  r e q u i r e m e n t s  f o r  mult i -hop m i s s i o n s  w i t h  f l e x i b i l i t y  as 
t o  t h e  f l y i n g  u n i t  s i z e ,  pay load  we igh t s  c a r r i e d  on e a c h  f l i g h t ,  
and t h e  number o f  f l i g h t s .  Miss ion  pei3formaiice s o l u t i o n s  canno t  
b e  read d i r e c t l y ,  b u t  w i t h  a l i t t l e  "bookkeeping" t h e  t o t a l  
m i s s i o n  p r o p e l l a n t  r equ i r emen t s  can b e  o b t a i n e d .  

Knowing t h e  i n i t i a l  l i f t - o f f  weight  of t h e  v e h i c l e  
which i n c l u d e s  weight  of t h e  s t m c t u r e ,  crew, p r o p e l l a n t ,  and 
pa.yload, t h e  p r o p e l l a n t  burned for -  r;he f i r s t  hop can  be r e a d  
a s  a f u n c t i o n  of  t h e  f l i g h t  r a n g e  d e s i r e d .  
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Reducing t h e  i n i t i a l  l i f t - o f f  we igh t  b y  t h e  amount o f  p r o p e l l a n t  
burned and  making any payload  a d j u s t m e n t s  d e s i r e d  f o r  t h e  
second hop g i v e s  t h e  l i f t - o f f  weight f o r  t h a t  f l i g h t .  This 
p r o c e d u r e  can  b e  r e p e a t e d  f o r  as many f l i g h t s  as d e s i r e d  and 
the  t o t a l  amount o f  p r o p e l l a n t  accumula ted  u n t i l  t h e  m i s s i o n  
sequence  o f  s h o r t  f l i g h t s  i s  completed.  

A sample m i s s i o n  i n v o l v i n g  t h r e e  i n t e r m e d i a t e  s t o p s  
( 4  hops )  by  t h e  f l y i n g  u n i t  p r i o r  t o  i t s  r e t u r n  w i l l  be assumed 
t o  i l l u s t r a t e  t h e  use  o f  f i g u r e s  5 ,  6 o r  7 :  

F l i g h t  Range Payload  

1 2 nm 300 l b s  

2 3 nm 1 0 0  l b s  

3 1 nm 5 0  l b s  

4 4 nm 1 0  l b s  

For  purDoses of t h i s  i l l u s t r a t i o n ,  t h e  l a rge r  o f  B e l l  Aerosystem's  

f l y i n g  u n i t s  i n c l u d e d  i n  t h e i r  r e p o r t  w i l l  be assumed. F i g u r e  
3 shows a weight  s t a t e m e n t  f o r  t h i s  v e h i c l e  which has a t o t a l  
weight of 713 l b s  ( l e s s  p a y l o a d ) .  We w i l l  f u r t h e r  assume t h a t  
t h e  optimum c r u i s e  f l i g h t  t r a j e c t o r y  w i l l  be used  ( F i g u r e  5 ) .  

F i g u r e  5 i s  e n t e r e d  a t  p o i n t  1 which c o r r e s p o n d s  t o  
t h e  2 nm range  of t h e  f i r s t  hop and t h e  v e h i c l e  l i f t - o f f  weight  
of 1013  l b s  (713  l b s  + 300 l b  p a y l o a d ) .  The p r o p e l l a n t  burned  
on t h e  f i r s t  hop i s  81  l b s .  The l i f t - o f f  weight  f o r  t h e  second  
hop can  now b e  de te rmined  as f o l l o w s :  

713 lbs I n i t i a l  v e h i c l e  weight 

- 81 l b s  P r o p e l l a n t  burned  on 1st  hop 

+ 1 0 0  l b s  Payload t o  be c a r r i e d  t o  second  s t o p  

732 l b s  = L i f t - o f f  weight  f o r  s econd  f l i g h t  

F i g u r e  5 i s  a g a i n  e n t e r e d  a t  p o i n t  2 (732  l b s  l i f t - o f f  weight  
and  3 nm r a n g e ) .  

P r o p e l l a n t  burned on 2nd f l i g h t  = 76 l b s ,  l i f t - o f f  
weight  f o r  3 rd  f l i g h t  = 713-81-76+50 = 606 l b s .  F i g u r e  5 i s  
e n t e r e d  at  p o i n t  3 (606 l b  l i f t - o f f  weight  and 1 nrn r a n g e ) .  
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P r o p e l l a n t  burned  on 3 rd  f l i g h t  = 3 1  l b s ,  l i f t - o f f  
weight  f o r  4 t h  f l i g h t  = 713-81-76-31+10 = 535 l b s .  F i g u r e  5 
i s  e n t e r e d  a t  p o i n t  4 (535 l b s  l i f t - o f f  we igh t  and 4 nm r a n g e ) .  

P r o p e l l a n t  burned  on f i n a l  f l i g h t  = 6 5  l b s .  The 
t o t a l  p r o  e l l a n t  r e q u i r e d  f o r  t h e  f o u r - f l i g h t  m i s s i o n  i s  
253 l b s  ( E 1+76+31+65). 

The same m i s s i o n  can b e  a n a l y z e d  f o r  f l i g h t s  u s i n g  
t h e  f l a t - t o p  t r a j e c t o r i e s  b y  u s i n g  F i g u r e s  6 or 7 i n  e x a c t l y  
t h e  same manner. The p r o p e l l a n t  r e q u i r e d  f o r  the  150 f t / s e c  
f l a t - t o p  ( F i g u r e  6 )  i s  272  l b s ,  and 291 l b s  are r e q u i r e d  f o r  
t h e  1 0 0  f t / s e c  t r a j e c t o r i e s  ( F i g u r e  7 ) .  It i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  l a t t e r  v a l u e  of  2 9 1  l b s  i s  o v e r  t h e  v e h i c l e ' s  
t a n k  c a p a c i t y  (273  l b s ) ,  which means t h a t  t h e  sample m i s s i o n  
c o u l d  n o t  be f lown at t h e  1 0 0  f t / s e c  v e l o c i t y  w i t h  t h e  s i z e  
f l y i n g  u n i t  s e l e c t e d .  

I n  view o f  r e c e n t  i n c r e a s e s  i n  s u i t e d  a s t r o n a u t ' s  
we igh t  ( 4 0 0  l b s )  and t h e  l i k e l i h o o d  o f  l a rge r  f l y i n g  u n i t s ,  
it s h o u l d  be remembered t h a t  F i g u r e s  5 ,  6 and 7 are r e l a t i v e l y *  
independen t  o f  f l y i n g  v e h i c l e  s i z e .  Wi th in  t h e  g e n e r a l  r a n g e  
o f  l u n a r  f l y i n g  v e h i c l e  weights  under  c o n s i d e r a t i o n ,  t hese  
c h a r t s  s h o u l d  remain a u s e f u l  m i s s i o n  p l a n n i n g  t o o l .  

I n  summary, t h i s  memorandum g r a p h i c a l l y  p r e s e n t s  
B e l l  Aerosystems'  "AV vs Range" data  i n  forms des igned  to g i v e  
t h e  w i d e s t  p o s s i b l e  f l e x i b i l i t y  f o r  e v a l u a t i n g  t h e  c a p a b i l i t i e s  
o f  a l u n a r  f l y i n g  v e h i c l e .  Payload combina t ions  can b e  v a r i e d ,  
f l i g h t  t r a j e c t o r i e s  can b e  s e l e c t e d  and may even be i n t e r m i x e d  
b y  u s i n g  F i g u r e s  5 ,  6 and 7 f o r  t h e  i n d i v i d u a l  hops o f  m u l t i -  
f l i g h t  m i s s i o n s ,  If c a r e f u l l y  used ,  t h e  i n c l u d e d  c h a r t s  s h o u l d  
p r o v i d e  an  a c c u r a t e  assessment  o f  t h e  f l y i n g  u n i t ' s  c a p a b i l i t y  
f o r  a v a r i e t y  of s p e c i f i c  miss ion  a p p l i c a t i o n s .  

1 0 1 2 - D R V - s j h  

Attachment : 
F i g u r e s  1 - 7 

D .  R.  V a l l e y [ "  

*(AV r e q u i r e m e n t s  due to g r a v i t y  losses w i l l  be affected 
by p o s s i b l e  changes  i n  t he  v e h i c l e ' s  t h r u s t - t o - w e i g h t  r a t i o ) .  
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